Background: A number of recent studies have demonstrated a protective effect of renin-angiotensin system (RAS) antagonism against immune mediated diseases such as myocarditis, chronic allograft rejection, and antiglomerular basement membrane nephritis. To our knowledge, there has been no report on the immunological contribution of the RAS in colonic tissue. Aims: We evaluated the direct effect of angiotensin II (AII) on the pathogenesis of immune mediated colitis using angiotensinogen deficient homozygous (Atg2/2) mice. Subjects: 2,4,6-Trinitrobenzene sulphonic acid (TNBS) colitis was induced in Atg2/2 and wild-type (Atg+/+) mice. Methods: Levels of proinflammatory cytokines in the colon were determined by enzyme linked immunosorbent assay. Histological analysis was performed simultaneously. Results: Although Atg2/2 mice developed colitis, the degree was much milder than that in Atg+/+ mice (p,0.05). Colonic cytokine analysis showed that the production of proinflammatory cytokines (interleukin (IL)-1b, interferon c (IFN-c)) was impaired in Atg2/2 mice. Furthermore, expression of cytokines such as IL-4 and IL-10 in the colon was predominant in Atg2/2 compared with Atg+/+ mice after TNBS instillation (p,0.005, p,0.01, respectively). Similarly, subcutaneous infusion of losartan suppressed colitis (p,0.05) and the production of proinflammatory cytokines (IL-1b, IFN-c). These results indicate that the RAS is directly involved in the pathogenesis of TNBS colitis through regulation of proinflammatory and anti-inflammatory cytokines in the colon. Conclusions: This study revealed that the RAS is involved in the immune system in the colon. Antagonism of the RAS is a potential prophylactic strategy for the treatment of human inflammatory bowel disease.
Background: A number of recent studies have demonstrated a protective effect of renin-angiotensin system (RAS) antagonism against immune mediated diseases such as myocarditis, chronic allograft rejection, and antiglomerular basement membrane nephritis. To our knowledge, there has been no report on the immunological contribution of the RAS in colonic tissue. Aims: We evaluated the direct effect of angiotensin II (AII) on the pathogenesis of immune mediated colitis using angiotensinogen deficient homozygous (Atg2/2) mice. Subjects: 2,4,6-Trinitrobenzene sulphonic acid (TNBS) colitis was induced in Atg2/2 and wild-type (Atg+/+) mice. Methods: Levels of proinflammatory cytokines in the colon were determined by enzyme linked immunosorbent assay. Histological analysis was performed simultaneously. Results: Although Atg2/2 mice developed colitis, the degree was much milder than that in Atg+/+ mice (p,0.05). Colonic cytokine analysis showed that the production of proinflammatory cytokines (interleukin (IL)-1b, interferon c (IFN-c)) was impaired in Atg2/2 mice. Furthermore, expression of cytokines such as IL-4 and IL-10 in the colon was predominant in Atg2/2 compared with Atg+/+ mice after TNBS instillation (p,0.005, p,0.01, respectively). Similarly, subcutaneous infusion of losartan suppressed colitis (p,0.05) and the production of proinflammatory cytokines (IL-1b, IFN-c). These results indicate that the RAS is directly involved in the pathogenesis of TNBS colitis through regulation of proinflammatory and anti-inflammatory cytokines in the colon. Conclusions: This study revealed that the RAS is involved in the immune system in the colon. Antagonism of the RAS is a potential prophylactic strategy for the treatment of human inflammatory bowel disease. P reviously, the function of the renin-angiotensin system (RAS) was regarded as control of vascular tonus and maintenance of fluid homeostasis by regulation of water and electrolyte absorption and/or excretion in the kidney and gastrointestinal tract. 1 2 However, recent studies have shown that angiotensin II (AII), an octapeptide which is the major biologically active component of the RAS, is also involved in other actions, such as apoptosis, vascular remodelling, and inflammation. [3] [4] [5] Recently, the potent proinflammatory effects of the RAS have been reported in various types of immune mediated diseases. For example, in mouse antiglomerular basement membrane (GBM) nephritis, AII contributes to expression of glomerular monocyte chemoattractant protein-1 (MCP-1) via the angiotensin II type 1a (AT1a) receptor, resulting in the pathogenesis of anti-GBM nephritis. 6 Similarly, in mouse immune complex nephritis induced by intraperitoneal ovalbumin injection, treatment with an angiotensin converting enzyme (ACE) inhibitor, quinapril, reduced MCP-1 expression in the kidney and mononuclear cell infiltration, supporting the hypothesis that the RAS is involved in the pathogenesis of immune complex nephritis. 7 Furthermore, in in vitro experiments, AII, acting through nuclear factor kB (NFkB) activation, stimulated the production of inflammatory mediators such as tumour necrosis factor a (TNF-a), transforming growth factor b1, and MCP-1 by mesangial cells. 7 8 Stimulation of human monocytes with AII causes activation of NFkB. 9 AII can also activate NFkB in cultured vascular smooth muscle cells. 10 In some cell types, stimulation of AT1 receptors by AII is coupled to activation of the JAK/STAT kinase systems [11] [12] [13] which are also involved in the signal transduction of T cell cytokines such as interleukin (IL)-2 and interferon c (IFN-c).
14 There are also some reports that the calcineurin dependent nuclear factor of activated T cells pathway is more important for regulation of cellular immune responses by AII signals through the AT1 receptor. [15] [16] [17] These reports are highly suggestive that the RAS is a potent inflammatory mediator.
On the other hand, there is increasing evidence concerning the efficacy of RAS antagonism in immune mediated diseases, such as myocarditis, chronic allograft rejection, and anti-GBM nephritis in humans and other animals. 6 7 18-24 These reports also indicate the proinflammatory effect of the RAS.
In the classical pathway of AII synthesis, the precursor of AII is angiotensinogen, which is principally produced in the liver. Angiotensinogen is then subsequently cleaved by renin into angiotensin I (AI). ACE converts AI into AII which binds to its specific membrane receptors, angiotensin II type 1 (AT1) and type 2 (AT2) receptors, expressed by various cells, including inflammatory cells such as T cells and macrophages. In addition to the classical pathway of AII synthesis, tissue renin-angiotensin systems have been identified in many organs, suggesting that various tissues have the ability to synthesise AII independently of circulating RAS. Tissue specific RAS may exist in the kidney, brain, aorta, adrenal gland, heart, stomach, and colon. [25] [26] [27] [28] Hirasawa and colleagues 28 have reported colonic localisation of RAS. AT1 receptors were found in vessel walls, myofibroblasts, macrophages, and surface epithelium, and AT2 receptors in mesenchymal cells and weakly in parts of the surface epithelium. Renin and ACE were distributed in vessel walls, mesenchymal cells, and in parts of the surface epithelium. However, the functions of these local RAS have not been determined.
To our knowledge, there has been no report on the immunological modulating effect of the RAS in the colon. To elucidate the pathophysiological role of AII in immune mediated enteropathy, we induced 2,4,6-trinitrobenzene sulphonic acid (TNBS) colitis, 29 an immune mediated acute colitis, in angiotensinogen deficient homozygous (Atg2/2) and wild-type (Atg+/+) mice. Using this model, we evaluated the role of AII in the pathogenesis of immune mediated colitis. We also treated TNBS colitis mice with an AT1 specific angiotensin II receptor blocker (ARB), losartan, to examine the feasibility of RAS inhibitors (ACE inhibitors and ARB) for the treatment of inflammatory bowel disease.
METHODS

Mice
Mice homozygous for targeted disruption of the angiotensinogen gene (Atg2/2) were generated from Jcl:ICR (ICR) mice at the Institute of Applied Biochemistry, University of Tsukuba (Ibaraki, Japan), as described previously. 30 They were backcrossed seven times to the ICR strain. These animals were bred and maintained in the animal research facility at Yokohama City University, Graduate School of Medicine, under standard conditions. Male ICR mice were purchased from Japan Clea (Tokyo, Japan). Mice were housed in the animal research facility at Yokohama City University, Graduate School of Medicine, under standard environmental conditions for at least four days. All animals received standard pelleted chow and tap water ad libitum.
Injection of losartan
For the ARB treatment study, eight week old male ICR mice were purchased from Japan Clea. They were given losartan (Lsr; Merck, USA) 30 mg/kg/day subcutaneously from 21 days before instillation of TNBS or phosphate buffered saline (PBS), using a continuous infusion pump (mini-osmotic pump; Alzet, USA), to examine the prophylactic effect of Lsr. Control mice received 0.9% normal saline (NS) subcutaneously.
Similarly, to examine the therapeutic effect of Lsr, eight week old male ICR mice were given Lsr orally at 10 mg/kg/day every 24 hours from two hours after TNBS or PBS administration. Control mice received 0.9% NS orally. For oral administration, a polyethylene catheter was used (flexible intraoral tube; Japan Clea).
Induction of colitis TNBS colitis was induced in eight week old male ICR and Atg2/2 mice and 11 week old male ICR mice, after subcutaneous pretreatment with Lsr or NS for three weeks, as described previously. 29 Briefly, mice were anaesthetised by intraperitoneal injection of xyladine (50 mg/kg) and ketamine (50 mg/kg). A polyethylene catheter (flexible intraoral tube; Japan Clea) was inserted into the colon 3.5 cm from the anal verge and a 100 ml enema of TNBS (Wako Chemical, Japan) in 40% ethanol was then infused into the colonic lumen through a 1 ml syringe (Terumo, Japan) connected to the polyethylene catheter. In our preliminary examination, the liquid instilled reached almost the entire way along the colon. Our preliminary experiments also showed that a TNBS dose of 5 mg/mouse in the ICR strain produced a good inflammatory response adequate for laboratory investigations. Subsequently, this dose of TNBS was used for all experiments. Control mice received 100 ml PBS.
Assessment of inflammation
Body weight of the mice was recorded every day for assessment of wasting. Three days after TNBS or PBS enema, mice were sacrificed by cervical dislocation under light anaesthesia induced by inhalation of chloroform. After collecting blood samples, the colon was removed and washed with PBS to remove faecal material. The distal 1.5 cm of the colon was used for histological examination. The rest of the colon was used for determination of local cytokine levels. Briefly, the colon was homogenised in ice cold tissue protein extraction reagent (Pierce, USA) containing phenylmethylsulfonyl fluoride (10 mg/ml), aprotinin (10 mg/ml), leupeptin (10 mg/ml), N-p-tosyl-L-lysine chloromethyl ketone (10 mg/ ml), and L-1-tosylamiido-2-phenylethyl chloromethyl ketone (10 mg/ml). The homogenate was then centrifuged at 18 000 g for 20 minutes at 4˚C. The supernatant was stored at 280˚C until use. Then, TNF-a, IL-1b , IFN-c, IL-4, and IL-10 levels were assayed using commercially available enzyme linked immunosorbent assay (ELISA) kits (R&D Systems, USA). Also, total protein concentration was assayed using the Bradford method. In addition, corticosterone levels in serum samples were assayed by radioimmunoassay (SRL, Japan).
Histological scoring
The distal 1.5 cm of the colon was used for histological assessment. Haematoxylin-eosin staining was performed in the usual way. Sections were scored blindly based on a semiquantitative scoring system, as described previously, 31 where features were graded as follows: extent of destruction of normal mucosal architecture (0, normal; 1, mild; 2, moderate; and 3, extensive damage), presence and degree of cellular infiltration (0, normal; 1, mild; 2, moderate; and 3, transmural infiltration), degree of muscle thickening (0, normal; 1, mild; 2, moderate; and 3, marked thickening), presence or absence of crypt abscesses (0, absent; 1, present), and the presence or absence of goblet cell depletion (0, absent; 1, present). The scores for each feature were summed, with a maximum possible score of 11.
Statistical analyses
Results are expressed as mean (SEM). Group data for Atg+/+ and Atg2/2 were compared using the Mann-Whitney U test. Differences were considered significant at p,0.05. For the Lsr treatment study, multiple comparisons were carried out by one way analysis of variance and the Tukey-Kramer method for post hoc analyses. Statistical significance was accepted at p,0.05.
RESULTS
Body weight loss was less in Atg2/2 mice Before TNBS was given, Atg+/+ mice were significantly heavier than Atg2/2 mice (36.8 (0.5) v 31.4 (0.6) g; p,0.0001), as reported previously. 32 In Atg+/+ mice, intrarectal instillation of TNBS resulted in diarrhoea and wasting while in Atg2/2 mice there was no significant body weight loss compared with control mice that received PBS. Moreover, body weight loss after TNBS instillation was significantly milder than that in Atg+/+ mice, from day 1 to day 3 after TNBS treatment (fig 1) . These findings demonstrate that weight loss due to TNBS induced colitis in Atg2/2 mice is ameliorated compared with that in Atg+/+ mice.
Induction of inflammatory cytokines is prevented in Atg2/2 mice To investigate the role of the RAS in mucosal immunity, local cytokine levels (TNF-a, IL-1b, IFN-c, IL-4, and IL-10) were quantified by ELISA (fig 2) .
In Atg+/+ mice, as expected, levels of proinflammatory cytokines such as IL-1b and IFN-c were significantly elevated in the TNBS instilled group compared with the PBS group  (fig 2B, C) . In contrast, there were no differences in colonic TNF-a, IL-4, and IL-10 levels between the TNBS and PBS instilled groups (fig 2A, D, E) .
In Atg2/2 mice, IL-10 levels were higher in the TNBS instilled group than in the PBS group ( fig 2E) . Moreover, there were no significant differences in levels of colonic proinflammatory cytokines such as TNF-a, IL-1b, and IFN-c between the PBS instilled and TNBS instilled groups (fig 2A-C) , indicating that little inflammatory change was induced by TNBS instillation in Atg2/2 mice.
On the other hand, levels of cytokines such as IL-4 and IL-10 in colonic tissue were higher in Atg2/2 mice than in Atg+/+ mice after TNBS instillation (fig 2D, E) . There was a tendency for IL-1b and IFN-c levels to be higher in TNBS instilled Atg+/+ mice than in Atg2/2 mice with TNBS colitis (fig 2B, C) . In the two PBS instilled groups, the level of IL-1b in Atg2/2 mice was higher than that in Atg+/+ mice ( fig 2B) .
In acute colitis such as TNBS colitis, macrophages are thought to be involved. IFN-c acts on macrophages as a stimulator and IL-4 acts as a suppressor. 33 34 To investigate the condition of the colon, the IFN-c/IL-4 ratio was also calculated ( fig 2F) . In Atg2/2 mice, there was no significant difference between the PBS instilled and TNBS instilled groups. Furthermore, Atg2/2 mice showed a lower ratio than Atg+/+ mice after TNBS instillation. These results indicate that the RAS is directly involved in upregulation of proinflammatory cytokines in the inflamed colon, and the colon of Atg2/2 mice was resistant to TNBS colitis.
Histological damage is milder in Atg2/2 mice Atg2/2 and Atg+/+ mice were given TNBS or PBS, and three days later the colons of these mice were examined histologically ( figs 3, 4) . In TNBS instilled Atg+/+ mice, ulceration with marked inflammatory infiltrates was observed (fig 3C, D) . Fibrosis was also present. These histological changes were markedly reduced in Atg2/2 mice (fig 3G, H) . In PBS instilled Atg+/+ and Atg2/2 mice, no histological alteration was observed ( fig 3A, B, E, F) . The degree of colitis was quantitatively assessed using the scoring system described in materials and methods (fig 4) . In Atg2/2 mice, the histological score after TNBS instillation was significantly lower than that in Atg+/+ mice (fig 4) . These results are consistent with the changes in colonic levels of cytokines described above, indicating that Atg2/2 mice are resistant to TNBS colitis.
No significant difference in wasting between NS treated and Lsr treated mice
To investigate the prophylactic effect of Lsr against TNBS colitis, mice were pretreated with Lsr for 21 days before instillation of TNBS. Before induction of TNBS colitis, there was no significant difference in body weight between Lsr treated mice and NS treated mice. After TNBS instillation, both Lsr treated mice and NS treated mice showed diarrhoea and body weight loss. There was no significant difference in body weight loss between Lsr treated and NS treated mice with TNBS colitis (fig 5) .
Additionally, to investigate the therapeutic effect of Lsr, we administered Lsr orally after TNBS or PBS instillation. There was slight but significant suppression of body weight loss in the Lsr treated group one day after TNBS instillation ( fig 6A) . However, there was no significant difference between TNBS instilled NS treated mice and TNBS instilled Lsr treated mice after two and three days.
Induction of inflammatory cytokines is prevented by losartan Colonic cytokine levels quantified by ELISA revealed that in NS treated mice proinflammatory cytokines such as IL-1b and IFN-c were significantly elevated in the TNBS instilled group compared with the PBS group (fig 7B, C) . In contrast, in Lsr treated mice, there were no significant differences in levels of colonic proinflammatory cytokines such as TNF-a, IL-1b, and IFN-c between the TNBS and PBS instilled groups (fig 7A-C) . Moreover, levels of IL-1b and IFN-c were significantly lower in Lsr treated than in NS treated mice after TNBS instillation (fig 7B, C) while there was no difference between the two PBS instilled groups. The IFN-c/ IL-4 ratio was also calculated (fig 7F) . Although there were no significant differences among the four groups, the ratio in NS treated mice with TNBS instillation tended to be higher than in the others. These results indicate that long term administration of Lsr significantly downregulated levels of proinflammatory cytokines in TNBS colitis. However, in the oral treatment study, only IL-10 levels were significantly increased in Lsr treated mice after TNBS instillation ( fig 6B) and there were no significant differences in other cytokine levels among the four groups (data not shown).
No difference in corticosterone levels between NS treated and Lsr treated mice Because there are multiple links between the RAS and the hypothalamic-pituitary-adrenal axes, we assayed corticosterone levels in serum samples in the subcutaneous treatment study to investigate whether or not the immunomodulating effect of the RAS is mediated by the hypothalamic-pituitary axis (table 1) . There was no significant difference between NS treated and Lsr treated mice. This suggests that the immunomodulating effect of the RAS is not mediated by the hypothalamic-pituitary axis.
Histological damage is milder in Lsr treated mice
In NS treated TNBS colitis mice, ulceration with marked infiltration of inflammatory cells was observed (fig 8C, D) . While Lsr treated mice also showed similar inflammatory changes, these histological changes were reduced (fig 8G, H) . Histological score showed lower activity of TNBS colitis in Lsr treated mice than in NS treated mice (fig 9) . In particular, scores for the features of presence and degree of cellular infiltration, degree of muscle thickening, and presence or absence of goblet cell depletion in Lsr treated mice were significantly lower than those in NS treated mice with TNBS 
DISCUSSION
In this study we assessed the role of the RAS in a murine model of intestinal inflammation using mice genetically deficient in angiotensinogen, which is the precursor of AII. Under control conditions with PBS instillation, IL-1b was increased in baseline knockout mice compared with wildtype baseline mice. Despite elevated baseline levels of this proinflammatory cytokine, these mice had no histological evidence of inflammation. Under inflamed conditions induced by TNBS instillation, Atg2/2 mice exhibited reduced activity of intestinal inflammation in contrast with Data are expressed as mean (SEM) (ng/ml). There were no significant differences between the four groups. PBS, phosphate buffered saline; TNBS, 2,4,6-trinitrobenzene sulphonic acid; NS, 0.9% normal saline; Lsr, losartan.
Atg+/+ mice. Although Atg+/+ mice showed severe body weight loss and elevation of mucosal proinflammatory cytokines, Atg2/2 mice did not exhibit these changes. Consistently, histological examination showed significantly reduced inflammatory activity in Atg2/2 mice. Furthermore, expression of cytokines such as IL-4 and IL-10 was predominant in the colon of Atg2/2 mice compared with Atg+/+ mice, and the IFN-c/IL-4 ratio was lower in Atg2/2 mice, indicating that the RAS is involved in the pathogenesis of TNBS colitis via regulation of proinflammatory cytokines. This immunomodulating effect of the RAS may be due to AII which is the major active component of the RAS.
To determine which receptor is involved in the immunomodulating effect, we then treated TNBS colitis mice with an AT1 specific ARB, Lsr. We confirmed that the AT1 receptor is involved in this immunomodulating effect of AII by showing the effectiveness of Lsr subcutaneous infusion against TNBS colitis. As in Atg2/2 mice, Lsr treated mice showed lower colonic levels of proinflammatory cytokines (IL-1b and IFN-c) than NS treated mice, which resulted in reduced histological activity of TNBS colitis.
However, in the oral administration study, which examined the therapeutic effect of AT1 blockade, only IL-10 levels were significantly increased in Lsr treated mice after TNBS instillation, and there were no significant differences among the four groups for other cytokine levels. This suggests that in the TNBS colitis model, which is an acute colitis model, AT1 inhibition does not have sufficient therapeutic efficacy although it has a distinct prophylactic effect. As it takes approximately one week for Lsr to have any effect, 35 and 3-6 weeks to have its maximal effect [36] [37] [38] in vivo, the negative results in the oral administration study do not necessarily indicate that Lsr has no therapeutic effect as the study examined only the short term effects of Lsr. Long term administration may be needed for the treatment of chronic colitis.
Although previous reports showed an increase in TNF-a levels after TNBS instillation, we did not observe this in present study or in our previous study 39 using BALB/c mice. The reason is unclear but we may speculate that the timing of sacrifice, degree of colitis, and genetic background of the mice would strongly affect the response of TNF-a to TNBS instillation.
Concerning the immunomodulating effect of the RAS, some reports have shown an effect of AII on inflammatory cells. Nataraj and colleagues 17 reported that AII, acting through AT1 receptors on the cell membrane of lymphocytes, induces a cellular immune response through a calcineurin dependent pathway. Fernandez-Castelo and colleagues 40 reported Th1 predominance in human lymphocytes stimulated by AII, which is consistent with the report of Nataraj et al that AII induces a cellular immune response. A recent report by Shao and colleagues 41 that splenic T cells of AII infused rats show Th1 predominance also supports the immunomodulating effect of the RAS.
There have been few reports on the effect of the RAS on the colon. Jaszewski and colleagues 42 reported that AII, the major active component of the RAS, is upregulated in inflamed lesions in the colon of Crohn's disease patients while Hirasawa and colleagues 28 recently reported that all components of the RAS exist in the human colon. Now we have shown that blockade of AT1 receptors results in protection against TNBS colitis. In the colon, many cells such as vascular endothelial cells, colonic epithelial cells, and inflammatory Figure 9 Histological damage score of the colon in the subcutaneous administration study. Severity of inflammation was scored as described in materials and methods. Bars represent 0.9% normal saline (NS) treated phosphate buffered saline (PBS) instilled (n = 5) mice, NS treated 2,4,6-trinitrobenzene sulphonic acid (TNBS) instilled (n = 7) mice, losartan (Lsr) treated PBS instilled (n = 5) mice, and Lsr treated TNBS instilled (n = 9) mice, as indicated. *p,0.05.
